SUMMARY
Pyrophosphatase (PPase) from Bacillus subtilis has recently been found to be the first example of a family II soluble PPase with a unique requirement for Mn 2+ . In the present work, we cloned and overexpressed in Escherichia coli putative genes for two more family II PPases (from Streptococcus mutans and Streptococcus gordonii), isolated the recombinant proteins and showed them to be highly specific and active PPases (catalytic constants of 1700-3300 s -1 at 25
°C in comparison with 200-400 s -1 for family I). All three family II PPases were found to be dimeric Mn-metalloenzymes, dissociating into much less active monomers upon removal of Mn 2+ . The dimers were found to have one high-affinity Mn-specific site (K d of 0.2-3 nM for Mn 2+ and 10-80 µM for Mg 2+ ) and two or three moderate-affinity sites (K d ∼ 1 mM for both cations) per subunit. Mn 2+ binding to the high-affinity site, which occurs with a half-time of less than 10 s at 1.5 mM Mn 2+ , dramatically shifts the monomer ⇔ dimer equilibrium in the direction INTRODUCTION 4 putative prokaryotic members of family II (two streptococcal and two archeal), showing 40-57 % identity in amino acid sequence (10, 11) . One of them (from Methanococcus jannaschii) has been recently cloned and expressed in E. coli (13) . The catalytic mechanism employed by family II PPases and the structural basis for their remarkable activity remain to be elucidated.
In this work, we cloned and overexpressed in E. coli the putative genes for family II PPases from Streptococcus mutans, implicated together with dietary sugars as the principal cause in the development of dental caries (14) , and Streptococcus gordonii, another human oral bacterium.
The recombinant proteins were purified and shown, along with the B. subtilis PPase, to be highly active dimeric PPases with a unique requirement for Mn 2+ . 7 acid sequences (11) . The above value of ε 280 0.1% for B-PPase was confirmed by direct measurement of the absorbance of the solution prepared from dried and weighed enzyme. The
Bradford method (18) , standardized against the above method, was sometimes employed as an alternative to direct measurement of the absorbance.
ActivityRates of PP i hydrolysis were determined from continuous recordings of P i liberation obtained using an automatic P i analyzer (19) . Reactions were initiated by adding enzyme.
SedimentationAnalytical ultracentrifugation was carried out in a Spinco E instrument (Beckmann, USA), with scanning at 280 nm. Sedimentation velocity was measured at 48,000-60,000 rpm, and the sedimentation coefficient, s 20,w , was calculated using a standard procedure (20) . Sedimentation equilibrium was attained at 16,000 rpm for 16 h or at 24,000 rpm for 10 h, and the molecular mass was calculated according to Chernyak and Magretova (21 
The Mn 2+ concentration dependence of the equilibrium activity could be described by (Fig. 1) . (Table I ). with Sm-PPase. Importantly, the enzymes were predominantly dimeric at the start of incubation (Fig. 2) , therefore the major activation is not due to stimulation of dimer formation, except for the slower phase seen with Sm-PPase (Fig. 4) . By contrast, the inactivation clearly results from dimer dissociation into monomers because the data in Table   II .
Activity versus Enzyme Concentration Profiles
The Mn 2+ concentration dependence of the equilibrium activity (Fig. 5) could be described by assuming that Mn 2+ selectively binds to dimer (with a dissociation constant of K M1 ), thus shifting the equilibrium in Scheme I in the direction of dimer, and further activates it. Estimates of K M1 (Table III) (Table II) . characterizing metal binding to the high-affinity site was estimated from these data using only points measured at <1 µM for Mn 2+ and < 100 µM for Mg 2+ (Table III) . by four orders of magnitude (Table III) . Mg 2+ binding to the low-affinity sites changed insignificantly in the presence of 50 µM Mn 2+ (Fig. 7) .
Metal Ion Requirements for ActivityNo hydrolytic activity was observed when the family II
PPases were assayed in the absence of divalent metal ions. The activity was maximal when Mn 2+ was present in the preincubation or assay medium, or in both of these media (Fig. 8 subtilis PPase, but in addition amino acid sequences of four putative members of this family were found in the GenBank, two streptococcal and two archeal (11) . The results shown above indicate that the two streptococcal sequences do belong to highly efficient and specific PPases.
Furthermore, the open reading frames encoding the putative family II PPases of Methanococcus jannaschii (13) and Archaeoglobus fulgidus 2 have recently been expressed in E. coli and also
shown to be PPases. jannaschii PPase (13) to exist as an inactive dimer and active trimer. It should be noted that their molecular mass estimates were obtained by gel filtration, a method more prone to error than the sedimentation analysis used in the present study. The dimeric structure of Sm-PPase has recently been confirmed by x-ray crystallography (31)
The metal-free dimer is more active than the monomer due to increased k cat and decreased K m values (Table IV) . With family I PPase from E. coli, dissociation of the hexamer to trimers and dimers increases K m without affecting k cat (27, 28). This result was interpreted as evidence that hexamer formation and substrate binding both induce a catalytically optimal structure for the active site. With family II PPases, substrate binding is not sufficient to produce a catalytically optimal structure, as indicated by decreased k cat . is more efficient in all cases. With family II PPases, the efficiency of these cations as cofactors is reversed (Table IV) , and the available data indicate that this difference is due to a unique site, which binds Mn 2+ with an affinity characteristic of metalloenzymes. This site is quite specific for Mn 2+ versus Mg 2+ -the ratio of the respective K M1,obs values is 5,000-23,000 (Table III) . Mn 2+ binding to this site controls activity in three ways. First, it dramatically shifts the monomer ⇔ dimer equilibrium in the direction of the more active dimer (K d changes more than 10 5 -fold; Table II ). A similar but smaller effect is exerted by Mg 2+ (K d changes 1,000-to 3,600-fold).
Kuhn and Ward (12) also observed an effect of Mn 2+ and Co 2+ on the quaternary structure of BPPase, consistent with metal ion binding to the high-affinity site, but interpreted this effect in terms of a dimer-trimer equilibrium. Second, Mn 2+ changes the kinetic parameters k cat and K m for the dimer (Table IV) . Interestingly, both k cat and K m are increased in the presence of Mn 2+ , but the effect on k cat is larger. This means that switching from Mg 2+ to Mn 2+ at the high-affinity site would always activate the enzymes, but the effect would be larger at higher substrate concentration. The high-affinity site of the dimer obtained in the absence of metal ions apparently binds Mg 2+ from the assay medium, which explains the similarity of the kinetic parameters for this dimer and the dimer obtained in the presence of Mg 2+ (Table IV) . Finally, Mn 2+ bound to the high-affinity site allows substantial activity with Ca 2+ (Fig. 8) S. mutans has been identified as the primary cause of dental caries (14) and manganese as a caries promoting element (36) due to its stimulation of S. mutans growth (37). Keeping in mind that Mn 2+ decreases the suppressive effect of fluoride both on the activity of family II PPase (13) and on the growth of S. mutans (37), it is tempting to speculate that the action of Mn 2+ on S.
mutans is due to its effect on Sm-PPase. In in vitro studies of family II PPases, one should keep in mind that the high-affinity site may also bind other metal ions (13) with unpredictable consequences for quaternary structure and activity. Therefore parameters and factors, such as the concentration and nature of the added metal ion, enzyme concentration and purity of reagents, should be carefully controlled in the solutions used to store and assay these enzymes. Table II . Table II . Tables II and III (see text) . by guest on September 16, 2017 
